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Introduction
Oxygen radicals such as the highly reactive hydroxyl radical are known to cause DNA darnage (1). They are postulated to be partly responsible for the carcinogenic action of ionizing radiation. Fora number of chemical carcinogens, an 'indirect' genotoxicity via the same ultimate reactive agent is also discussed (2) . In these cases, the hydroxyl radical is thought tobe generated by a Fenton reaction of superoxide anion radical <Ji· with hydrogen peroxide (H 2 0 2 ). Both reactants are produced in normal aerobic cellular metabolic pathways, but the concentration seems to be carefully controlled by the action of superoxide dismutase, peroxidases (including catalase) and antioxidants. Only in specific situations have increased Ievels of H 2~ been shown
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© IRL Press Limited, Oxford, England tobe produced, e.g. in liver peroxisomes from rodents treated with peroxisome proliferators (3, 4) and in macrophages stimulated by phorbol ester tumor promoters (5) . Under in vitro conditions, darnage has been detected in DNA added extracellularly (3, 5) . However, no evidence for DNA darnage in vivo has so far been reported.
In order to investigate whether intracellular DNA is also damaged under conditions of chemically induced oxygen stress, sensitive and specific methods for the detection of oxidative DNA darnage are required. One important reaction product of DNA oxidation with hydroxyl radical is 5,6-dihydroxy-5,6-dihydrothymine (thymine glycol, TG*). Two cis-isomers and two trans-isomers are fonned (6) . The present report describes a new method using a modified 32 P-postlabeling technique (7) , which includes an affinity chromatography purification of dTGp and a phosphorylation procedure in the presence of mutagenic metaJ ions to achieve acceptable labeling efficiencies. The method is applied to quantitate oxidative DNA darnage as cis-5,6-dihydroxy-5 ,6-dihydrothymidine-3 '-phosphate (thymidine-cisglycol-3'-phosphate cis-dTGp) in -y-irradiated DNA.
Materials and methods

Maurials
Phenylboronate silica (B<nJesil PBA) was obtained from Analytichem International (Basel, Switzerland). For PBA-chromatographies 0.7 X 20 cm E<:on<>-<olurnns were purchased from BioRad (Glattbrugg, Switzerland). Anion-exchange PEI-cellulose thin layer sheds were front Macberey-Nagel (Düren, FRG), Cawo cassettes and Cawo intensifying screens (fast tungstate) from Cawo (Zurich. SWitzerland) and Kodalc XAR·.5 tilms from Kodak (Lausanne, Swittcrland). Lyophilizations were perfonned in a speed vac concentrator from Bachhofer Laborgeräte (Reutlingen, FRG). The cnzymatic digestion of DNA was carried out m Eppendorf tubes from Sarstedt AG (no. 72.690; Sevelen, SWJttcrland).
All deoxynbonucleotides, thymidine, thymme (I) and ATP were purchased from Pharmacia (Dübendorf, Switzcrland). Calf thymus DNA (no D-1501) and spemudine were otuined from S1gma and dithi~itol from Serva FciOOiochemica (Heidelberg, FRG). ['y-32 P)ATP (J(XX) Ci/mmol, NEG-002.H; 6(XX) CLimmol, NEG-002 Z for the experimcnts on the concentration dependence) was obtained 
Sy111hesis of ds-dTGp
The synthesis of this standard cssentially followed the pubhshed methods (8,9): 1 mg (3.1 pmol) thymidine-3'-phosphate (äfp) in I ml of 0.2 M NH4CVNH3 buffer pH 8.6, was oxidized at 0°C with 0.4 ml 0.014 M KMn04 in the samc buffer. After 5 mm, I 0 ~&I of I M N~~Os was added to reduce the residual pennanganatc. MnOz was removed by centrifugation and 1. 
e~perimert~where IY?P.hilize(f saJ11pl~·were·~S«J),,2'"' [-y-.3 2~l f\TP(l "Ci to 45 "Ci). The four droplets were·mixed by centrifugation. Two microlirers (3 'U) T4 PNK (freshly diluted.in warer) was;placedon the' Inside ~a}i aridaftera secon~ centrifugation ~he ~~s wen; incll.b~~eq for ~'0 min at -~7°C, T~.e toJ~I vo!llme of the sample. was always 101'1. In order to Jiydrqlyze unreacted ATP'the•mixfure was incubated for an.other J5 min at :37°C wilh. 40 mU (2 JLI Crössed dots indicate the loatliilg areas of·the ·sampie (0) and of the stand3,rds .used in the fi.rst (~I) and ~ond dimen~ion (S2 and S3, developed from left to right). Cuts performed aftcr the first dimension are indicated by the iriterrupted Jines.
The. amount o( nucleotides present during phosphorylati()n was calculated on. the b~is of ~ .LE of l()% Tor dTGp (BeC,h, pH 7.5) and of 80% for rtm:mal nuch~otides (no BeCI2, pH 9).
Resul~
.Purijication ofdTGp from normal nucleotides
No dJQp ft~ctiQtt ~ollected from the phenyl))oron~te column (nos. .. Yields of 30 and 10% were used for these calculations to account for the recovery after PBA chromatography and the LE respectively. pH 7.5 and the LE increased to up to 20% (Figure 2) . The nonnal nucleotide dTp showed a pH optimum at pH 9.0. At lower pH values, the yield of *pdTp was lower, primarily due to the phosphatase activity of PNK (11). The increasing extent of dephosphorylation in the 3' position resulted in an apparent LE (for forming *pdTp) at pH 7.5 of only a few percent (Figure 3 ), in the presence or absence of I mM BeC1 2 • Concenlration dependence of äiGp phosphorylation. The LE was investigated over a wide concentration range in the presence of a > 10-fold molar excess of ATP (fable I). The dTGp phosphorylation was linear from 50 pmol down to l 0 fmol dTGp with a LE of 8-ll %. An average value of 10% will be used for all subsequent calculations. In the presence of 50 pmol normal nucleotides the dTGp phosphorylation was still proportional to its concentration and the LE was in the sarne range as without dNp.
When dTGp was phosphorylated in the presence of contaminating natural nucleotides under the improved conditions, the chernical concentration of A TP had to be at least equimolar to the total amount of dNp + dTGp present. Under A TP-<Ieficient conditions in the presence of natural substrates there was no detectable dTGp phosphorylation. 45 (Figure; 4) . At the lowest energy used (14 Gy), the levefofgly.col:fonnation was similar. in al1 samples, 46 Le. betwe.en I9Ö and 4ÖO TG/10 6 T. With increasi~g radiation dose~ the. Jormati"on of TG was .porportional tö the energy ohly W:itb thY.rrlidine and n~deot.id~$ r~ching v~ue·~ of 30 000-100 000 TG/10 6 T at 1'000 Gy.. With .Dbof,A, the Ievel of glycol formation increased ·only to 2700 TGll<f> T a(l(W Gy. 1t is :possible that h1ghly irr;idiated DNA .ac~ain'iijfätes Iesiorts which ·render it partly resistant to em;yrt:tatic ;hydtolysis to the nucleotides. This ·hypothesis is supported. by the observation that intensity and number of contaminating sp.ots incr:ease with the raciiatiort (!llergy~ markedly'increased 'relative to lhe corttaminatlng: s·pots. ,Chart C shows a non,.irradiated control DNA .. In the loeation of TG stan$rd~. a ,spot canjust be disc~med, i'n, this c'ht,Qmatogram, this 'sp9t containe<t6()0'c.p.m. Thi$ correspondedto th'e presence of 10 dTGp in 1 0 6 dT-p representing the natural background .of thym:idine glycol in these experiments w)th cmnmerciaJ calf thymQ'& ])NA. Chan D r~ptesents DNA ~fte_t ~irrad.iaJit:m with 14 Gy. The pdTGp spot is now equivalent in density to the spots of contaminating products. At higher radiation doses (not shown) the intensity of these spurious spots increased to picomole amounts of substrate.
Discussion
The postlabeling method Since thyrnidine glycol has lost its nonnal thymine ring structure it was not surprising to find only low LEs under Standard conditions. It was therefore necessary to change the phosphorylation conditions. Firstly the pH was optimized, and secondly it was considered worth trying to use mutagenic metal ions which have been found to decrease the template fidelity of DNA polymerase (10) . The aim was to change the T4 PNK specificity so that öfGp is accepted as substrate. Our results show that using beryUium ions and pH 7.5, the glycol is phosphorylated > lO times more effectively.
Application of the described procedure to non-irradiated calf thymus DNA showed a background of 1 TG!lOS T. It is not known whether the commercial DNA sample already contained this number of TG or whether the oxidation occurred during work-up. In this sample, a spot was clearly discernible and fonned a practical Iimit of detection. For the detennination of an oxidative DNA darnage in vivo, the Iimit of detection will depend on this background Ievel of thymidine glycol present in the DNA or formed during work-up. The theoreticallimit will be at least one order of magnitude lower when A TP of a higher sp. act. is used. Additional improvements are possible but will require a better quality of the thin-layer system.
Detection of thymidjne glycol as a ITUlrker of DNA darnage
It was the aim of this study to provide an alternative method for the quantification of one specific type of oxidative DNA damage. The detennination of thymine-cis-glycols accounts for a sizable · fraction of the pyrimidine hydroxylations in DNA arising from ionizing radiation. The specific reactivity of cis-glycols with borate anions was taken advantage of in ordertoseparate thymine glycol from the natural nucleotides. Firstly, PBA affinity chromatography resulted in a >50 OOO-fo1d purification. Secondly, residual contaminating nucleotides were mostly 3'-dephosphorylated and moved with "'Pi or were finally separated from thymidine glycol by 2-dimensional TLC, with boric acid added to develop the second dimension.
The Ievel of TG formation after -y-irradiation of DNA as detennined with the present method fits nicely with the published data using polyclonal antibodies (14) , monoclonal antilxxlies (15) or radiolabeled DNA coupled with chernical separation methods (16) . In the dose range between 10 and 100 Gy, our results are always within a factor of 5 compared to all other methods. It therefore seems that the new method represents a sensitive alternative for the determina.tion of a marker darnage of oxidized DNA.
.
